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第二章  利用原子转移自由基聚合（ATRP）法，分别将单体 2-氨基乙基甲
基丙烯酸酯盐酸盐（AEMA）与单体寡聚乙二醇甲醚甲基丙烯酸酯（OEGMA500）
















































































The synthesis and application in medical treatment of the brush-polymer are the 
hotspot in the research of nano biological molecules. At the same time, PEGylated 
brush-polymers have more excellent biological performance as well as advantages, 
and can be applied to functional modification of peptide/protein drugs, drug 
controlled delivery system and biological sensing, etc. But these materials in the 
applications are faced with the weak interaction with phospholipids membrane and 
the low efficiency into the cells. Therefore, we need to modulate the surface 
properties of the materials including charge and hydrophobicity in order to promote 
the interaction of them with phospholipid membranes, meanwhile study the 
interaction mechanism. In this work, a series of PEGylated brush-polymers containing 
a varying sequence of peptides were obtained. This PEGylated peptide-polymer 
conjugate can confer diverse charge and hydrophobicity. Based on this system, how 
the charge and hydrophobicity effect on the interaction of the molecule with 
phospholipid membranes was studies. 
The paper can be divided into four chapters, including the following main 
contents: 
The first chapter: This chapter introduces the characteristics of the brush-poly- 
mers and the application in the field of biological materials. Furthermore, the 
application of functionalized modifications based on PEG is introduced. We focus on 
the research progress of promoting the interaction of the biomolecular material with 
phospholipid membranes, and the methodology and mechanism that how to 
improving the efficiency into the cells.And on this basis, we proposed the research 
ideas, the main contents and its meaning of our work. 
The second chapter: The PEGylated brush-polymer, Poly[(AEMA)-co- 
(OEGMA500)], was synthesized through ATRP of AEMA and OEGMA500 at a certain 
tratio. To further facilitate the conjugation with peptides, these polymers were then 
reacted with 6-MaleiMidocaproic acid (Maleimide), which leads to introduction of 
maleimide groups in polymers. Peptides of interest within which free thiol groups 
were introduced can then be conveniently conjugated to the polymers through 
thioether formation. As a result, we can modulate the charge and hydrophobicity of 
the polymers. 
The third chapter: In this chapter, we design and synthesize the different types 
of liposomes that closely imitate lipid bilayers. In order to further study the interaction 
mechanism of PEGylated peptide-polymer conjugates with liposomes, we explored 
the interaction of peptide-polymer conjugate with liposomes encapsulated fluorescein 
(CF) in high concentration, and measure the intensity of fluorescence recovery. 
Meanwhile, we also measure the morphologic change of liposomes during the 
interacton by DLS. At the end, we hope we can obtain the optimizing peptide-polymer 
















The fourth chapter: In this chapter, we further explored the interaction 
mechanism of PEGylated peptide-polymer conjugate with phospholipid membranes 
and their efficiency of cellular uptake in in vitro cell research. The main cell 
experiments are including the confocal fluorescence imaginges, the flow cytometry 
imagings, the cell cytotoxicity, the cell experiment of endocytosis inhibitors and the 
low temperature of fluorescence imaginges. 
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第一章  前言 
1.1  刷状聚合物的特点及在生物材料领域中的应用 









1.1.2  聚合物在生物材料领域中的应用 
1） 聚合物在修饰多肽/蛋白质药物上的应用 
刷状聚合物对多肽或蛋白质的修饰不仅能提高其在体内的循环周期，而且能



























Figure 1.1 Example of stabilizing and brush polymer. 
图 1.1 稳定的刷状聚合物-bFGF 结合物。 
2）  聚合物在修饰纳米颗粒形成药物递送系统上的应用 





接近 32 或 39 度）反过来又能使聚合物消散成 PNIPAm 和 PNIPAm-co-PAAm。
实现从亲水合成物转变到折叠的疏水聚集体，从而达到可选择性的释放。最终，
















Figure 1.2 Representation of the controlled release of alizarin-PEG and lysozyme by using 
photothermal responsive polymer brushes, triggered by a laser beam. 
图 1.2 刷状聚合物修饰的金纳米笼。 







术实现生物素对 SA 的传感探测。与此同时 Akkahat 等人利用这种方法实现了对
























聚合物 分析物 传感探针 使用技术 
PAA SA biotin Fluorescence microscopy 
PAA SA/anti-BSA biotin/BSA 
Surface plasmon resonance 
(SPR) spectroscopy 
P(MA-ran-MPC) 血清中 AVD biotin SPR spectroscopy 
PGMA SA/Fab-AF467 biotin/TNFα Quartz crystal microbalance 
PSA/PGMA avidin/anti-IgG biotin/ IgG Fluorescence imaging 
 Table 1.1 Polymer brushes that were employed for biosensing applications. 
表 1.1 刷状聚合物在生物传感方面的应用。 
注：PAA 为聚丙烯酸，P(MA-ran-MPC)为聚甲基丙烯酸与聚-2-甲基丙烯酰氧乙基磷酸胆碱
的共聚物，PGMA 为聚丙烯酸钠，PSA 为聚丙烯酸钠；SA 为抗生蛋白链菌素，AVD 为抗生
物素蛋白，IgG 为免疫球蛋白。 
1.2  基于 PEG的表面功能化修饰 
1.2.1  PEG表面功能化修饰的方法和特点 
PEG（polyethylene glycol）在功能化修饰生物分子材料的方面占据重要位置。








水云”作用模型，如图 1.3 所示：在 PEG 的长链保持足够自由的情况下，PEG
通过疏水作用包裹多肽/蛋白质，同时与周围的水分子形成氢键从而实现对多肽/
蛋白质的保护。PEG 较大的分子量也很大程度上减少了肾脏的清除。因而，通
过 PEG 修饰的蛋白质的生物循环半衰期可以增加 5 倍甚至 100 倍[9]。此外，功
能化修饰多肽/蛋白质的 PEG 的尺寸和数目也影响药物在体内的半衰期。比如分






















Figure 1.3 Hydrophilic and hydrophobic interactions of PEG. 
图 1.3 PEG 的亲疏水作用。 
因此，PEG 功能化修饰方法的特点是：（1）增长生物循环周期，（2）低毒
性，（3）有效避免肾脏清除，（4）生物相容性好，（5）低的免疫原性。目前有大






1.2.2  PEG表面功能化修饰的应用 
PEG 的功能化修饰起源于 1977 年 Abuchowski 等人对牛血清蛋白的修饰，
利用三聚氰酰氯偶联剂将 monomethoxy-PEG（m-PEG）结合到牛血清蛋白上形
成 BSA−PEG 结合物[17]，经过 PEG 修饰的血清蛋白表现出了很低的免疫原性。
进一步的研究表明 PEG 的修饰同时也延长了生理半衰期[17, 18]。PEG 修饰方法的
优势使 PEG 的功能化修饰越来越受关注，尤其对多肽/蛋白质独有的修饰效果，
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